Abstract. This study investigated the relationship between the anthocyanin concentration in a series of organic fruit species and the photoelectrochemical performance of the TiO 2 dyesensitized solar cells (DSSCs) sensitized by these dyes. It was hypothesized that organic dyes with a greater anthocyanin concentration have higher fill factors (FFs) and maximum output power (P MAX ), which would lead to higher energy conversion efficiency. Anthocyanin dye solution was extracted from eight test fruits using water as the extracting solvent. Using these test organic dyes, multiple DSSCs were assembled such that light entered through the TiO 2 side of the cell. The full current-voltage (I-V) covariations were measured at various incremental resistance values. Defining P MAX as the dependent variable, a series of linear, semi-logarithmic, quadratic, and finally power law regression models were used to investigate the relationship between anthocyanin concentration and photoelectrochemical performance. Regression analysis demonstrated that the power law model (R 2 = 0.86) was the best fit and experimentally sound model to predict the relationship between P MAX and anthocyanin concentration. Based on this model, anthocyanin content and P MAX relation approaches zero for zero concentration and follows a sublinear increase for higher concentration. Dyes extracted from blueberry and black raspberry with the highest anthocyanin content generated higher P MAX with better FF and conversion efficiency. Estimating these linear and power law models is the first step in finding organic anthocyanin sources in nature that have the highest dye content to efficiently generate energy. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Nature provides different species of fruits, vegetables, and flowers that contain natural dyes that can be extracted and employed in dye-sensitized solar cells (DSSCs). Anthocyanin pigments are responsible for the red, purple, and blue colors of many fruits, vegetables, and flowers. Botanists have studied these pigments for a long time because they act as pollination attractants and phytoprotective agents. Nutritionists and horticulturists continue to study these compounds because of their obvious importance to the color quality of fresh and processed fruits and vegetables. 1 Anthocyanins absorb blue, blue-green, and green light. Therefore, the light reflected by objects containing anthocyanins appears red. The basic chemical formula for anthocyanin dyes is C 15 H 11 O+. Anthocyanins are mainly composed of 3-glucosides of the anthocyanidins and are subdivided into the sugar-free anthocyanidinaglycones and the anthocyanin glycosides. As of 2003, more than 400 anthocyanins had been reported, whereas more recent literature puts the number at more than 550 different anthocyanins. The advantages of anthocyanin dyes include their availability and low cost. To date, raw anthocyanine extracts are among the most successful natural sensitizers for solar cells. These organic dyes generate high monochromatic photon-to-current conversion yields.
Numerous efforts have been made by several research groups all over the world to utilize natural dyes as sensitizers in a new generation of solar cells. In an experiment, Cherepy and colleagues 2 concluded that electron recaptures by the redox mediator and light screening mechanisms may limit the efficiency of a photoelectrochemical cell that utilizes an anthocyanin dye-sensitized TiO 2 nanocrystalline electrode. In this study, the authors compared the photonto-current efficiency measured for the solar cell with the efficiency estimated from the injection and recombination rate constants. In another study, 3 the DSSCs were assembled using natural dyes as sensitizers that were extracted from black rice, capsicum, erythrinavariegata flower, rosaxanthina, and kelp. In this experiment, the authors observed that the black rice extract demonstrated the best photosensitized effect, which was due to the better interaction between the carbonyl and hydroxyl groups of the anthocyanin molecules from the black rice extract and the surface of the TiO 2 porous film. A different study demonstrated that solar cells sensitized by Jaboticaba and Calafate extracts could generate significant photocurrent. The authors of this study concluded that only selected extracts are capable of converting sunlight to electricity. 4 Wongcharee and colleagues investigated the DSSCs that were made using a mixture of natural dyes extracted from rosella, blue pea, and other extracts. The mixed extract adsorbed on TiO 2 did not show synergistic light absorption and photosensitization compared to the individual extracts. Instead, the cell sensitized with the rosella extract alone showed the best sensitization, which was in agreement with the broadest spectrum of the extract adsorbed on the TiO 2 film. The authors reported that changing the pH and extracting temperature of the dye improved the efficiency of the rosella extract-sensitized DSSC. 5 Furthermore, investigators assembled DSSCs using red Sicilian orange juice (Citrus Sinensis) and the purple extract of eggplant peels (Solanummelongena, L.) as natural sensitizers of TiO 2 films. Conversion of solar light into electricity was successfully accomplished with both fruit-based solar cells. 6 Kumara and colleagues experimented with a DSSC made by coating pigments from a shiso leaves extract on a nanocrystalline film of TiO 2 and subsequent deposition of p-Cul. Both shisonin and chlorophyll contributed to light energy harvesting as seen from the photocurrent action spectrum of the cell. This experiment was an example of synergistic sensitization using a dye cocktail extracted from a single natural resource. 7 Another group of investigators compared natural carotenoids, crocetin (8,8 -diapocarotenedioic acid) , and crocin (crocetin-di-gentiobioside) as sensitizers in DSSCs. In this study, photoelectrochemical properties of two carotenoids, one with a carboxylic acid group and one without, were investigated. Investigators concluded that crocetin, whose structure contains carboxyl groups, can effectively attach to the surface of the TiO 2 film, resulting in higher photoelectrochemical performance than crocetin, which does not have a carboxylic group in its structure. 8 It is necessary to search nature to find additional organic resources that are capable of generating more power when used as dye sensitizers in solar cells. The first step is to build a model that predicts the efficiency of a DSSC based on the qualitative and quantitative characteristics of organic dye sensitizers. This study investigated the relationship between anthocyanin concentration in a series of organic fruit species and the photoelectrochemical performance of the DSSCs sensitized using these dyes. We hypothesized that organic dyes with greater anthocyanin content will have a higher fill factor (FF) and a maximum output power (P MAX ), which will lead to higher energy conversion efficiency.
Methods

Materials
A TiO 2 film photoanode was prepared by blending ca. 0.2 g of commercial TiO 2 powder (Degussa, P25), 0.4 mL of nitric solution (0.1 M), polyethylene glycol (MW10,000), and a nonionic surfactant, Triton X-100. The mixture was well mixed, and the resulting paste was spread over a conductive glass plate. The coated plate was then sintered at 450
• C for 2 h. Anthocyanin dye solution was made by crushing and filtering a group of fresh fruits including blueberry, black raspberry, cherry, cranberry, blackberry, raspberry, strawberry, red grape, and orange in 2 mL of deionized water at room temperature (25
• C). These test fruits represent a structural variety of major natural anthocyanins (Table 1) . [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The pH of all dye extracts was measured and adjusted to the lowest observed pH value, which was 3.5 for strawberry, using a 0.1M HCl solution. The dyes were adsorbed onto the TiO 2 surface by immersing the coated electrodes in an aqueous solution of each dye for 24 h. The nonadsorbed dye was washed off with anhydrous ethanol. A counter electrode was prepared by deposition of a light carbon film on another piece of conductive SnO 2 -coated glass. This thin carbon layer served as a catalyst for the tri-iodide to iodide regeneration reaction. The catalyst-coated counter electrode was placed on the top so that the conductive side of the counter electrode faced the TiO 2 film. The iodide electrolyte solution (0.5 M potassium iodide mixed with 0.05 M iodine in water-free ethylene glycol) was placed at the edges of the plates. The liquid was drawn into the space between the electrodes by capillary action. Light entered the assembly through the TiO 2 side of the cell.
Measurements
The output voltage of each solar cell was measured under sunlight illumination on August 4, 2009, at 12:50 PM in New York City (Temperature: 82.9
• F, humidity: 56%, and wind speed: 6.9 mph). For all measurements, the input solar power was assumed to be 100 mW cm −2 . The solar energy conversion efficiency (I-V curve) was measured by directly attaching a multimeter to the two sides of the cell. The negative electrode was attached to the TiO 2 -coated glass, and the positive electrode was attached to the counter electrode. Based on the I-V curve, the FF was defined as
where I max and V max are the photocurrent and photovoltage for maximum power output (P MAX ), I sc and V oc are the short-circuit photocurrent and open-circuit photovoltage, respectively. The overall energy conversion efficiency (η ) was defined as where P in is the power of sunlight, which was assumed to be 100 mW cm −2 . The series (R S) and shunt (R SH ) resistances were calculated from the slopes of the I-V curve at V oc and I sc , respectively. The inverse of the slope at I sc gives R SH and the inverse of the slope at V oc gives R S . Defining P MAX as the dependent variable, a series of step-wise linear, semi-logarithmic, quadratic, and power law regression models were used to investigate the relationship between the anthocyanin concentration and the photoelectrochemical performances.
Results
Among the studied solar cells, the blueberry sensitized device had the highest FF (0.47) and conversion efficiency (η MAX = 0.17%) and generated the P MAX (173.7 mV) at a V max = 278 mV and current density of I max = 0.6 mA (Fig. 1) . Solar cells sensitized using the organic dye extracted from strawberry, the fruit with the least anthocyanin content, had the lowest FF (0.37) and conversion efficiency (η MAX = 0.07%) and produced the lowest P MAX (69.3 mV). The average P MAX for all devices was 173.7 mV. The device sensitized with orange dye did not generate any significant power (P MAX < 10 mV) ( Table 2 ). Mean distribution of the six most common anthocyanins in this study are the following: cyanidin (23%), pelargonidin (1%), peonidin (2%), delphinidin (2%), petunidin (1%), and malvidin (4%) ( Table 1) . Regression analysis showed the significant relationship between P MAX and anthocyanin concentration at all linear (p value = 0.007), semi-logarithmic (p value = 0.0009), and quadratic fits (Table 3) . These results showed that anthocyanin content and device performance might be related by a power-law relationship. The semi-logarithmic model showed that it fits the observed relation between anthocyanin content and device performance with a rapid increase in P MAX for modest anthocyanin content and decreasing improvements for high concentration (Fig. 2) . The power law function of Y(x) = 20.4729 (X 0.3706 ) can be used to model the performance behavior of DSSCs based on their anthocyanin content. This model shows a relation between anthocyanin content and device performance that approaches zero for zero concentration (orange-based device) and follows a sublinear increase for higher concentration (Fig. 2) . The power law dependence with an exponent less than one (n = 0.3706) fits the data.
Discussion
In a DSSC, sunlight enters the cell through the transparent SnO 2 coated glass on the top, striking the dye on the surface of the TiO 2 (Fig. 3) . Photons striking the dye with enough energy to be absorbed will create an excited state, from which an electron can be directly transferred into the conduction band of the TiO 2 . From there, the electron moves by diffusion (as a result of an electron concentration gradient) to the clear anode on top. In this process, nanoparticles of anthocyanin dye act as the electron donors when activated by solar energy. The total electron releasing capacity of the dye depends on the density of the anthocyanin molecules ready to be activated. The semi-logarithmic model outlined in the current study raises the possibility of saturation effects. This study showed that all three higher concentration dyes (AC > 100 mg/ml) have power generation efficiencies of 0.15 to 0.17 mW. It seems that there is a threshold concentration for which greater values do not yield improved performance between 100 mg/100 and 300 mg/100 of anthocyanin content. Previous research works have shown that most natural events follow a power law. In this study, a power law model yields a better straight line and prediction (R 2 = 0.86 versus R 2 = 0.73 in linear model). Although a linear model can predict P MAX at low anthocyanin concentrations, a power law model is a better fit for the data and proves that P MAX leveled out as the anthocyanin content increases. When a majority of the ready anthocyanin molecules are activated, an increase in the concentration of anthocyanin molecules does not result in significant improvement of P MAX . A power law model has a significant fit (p = 0.0008) and shows that the anthocyanin content predicts 86% of the P MAX variability.
A limitation of this study is a significant gap in the data between dyes with low to moderate anthocyanin concentrations and dyes with high concentrations. To optimize the power law model, more experiments need to be done with a group of fruits, vegetables, or plants with anthocyanin contents in the range of 100 to 300 mg/dl (Table 4) . 21 In this study, an independent variable was selected as the fruit-specific concentration of anthocyanin in 100 g of different species. An alternate way to investigate the impact of anthocyanin content is focusing the experiment on standard variations of anthocyanin content in a single organic dye. To the best of our knowledge, not a lot of commercially organic dyes are available for this kind of study. This approach provides a more controlled setting that allows adjustment for anthocyanin content and measure the impact other variables like pH, temperature, light, presence of other phenolic compounds, enzymes, metal ions, sugars, ascorbic acid, and oxygen. E-163 is a color-free flowing powder made from an aqueous anthocyanin extracted from black carrot. Malto Dextrin is used as a carrier and is soluble in water and suspensible in oil. This product has color strength of 0.38 OD at 520 nm with dilution 1:1000 in citric and sodium citrate pH 3 buffer. Less standardized products are commercially available for purple sweet potato, red cabbage, and red radish (Qingdao Bio-Tech Resource Co., Ltd. Shandong, China).
A power law predictive model is the first step to finding organic anthocyanin sources in nature with not only the highest concentration of anthocyanin molecules but also a higher proportion of ready-to-be-activated molecules. In choosing organic material to construct a DSSC, it is important to consider these two factors for the organic dye. The absorption spectrum of the anthocyanin and its anchorage to the surface of the TiO 2 are other important parameters that determine the efficiency of the cell. Carbonyl and hydroxyl groups present in the anthocyanin molecule can be bound to the surface of a porous TiO 2 film. This improves the electron transfer from the anthocyanin molecule to the conduction band of TiO 2 . Previous studies reported that anthocyanins from various plants give different sensitizing performances. 4 However, there is currently no acceptable explanation for these results. Suggested models in the current study did not look at the structural differences of the anthocyanins found in different test fruits (Table 1) . The anthocyanidins are hydroxylated and methoxylated derivates of phenyl-2-benzopyrylium or flavylium salts, regarded as flavonoid compounds. 22 Their basic structure of the aglycone is a C-6 (A-ring)-C-3 (C-ring)-C-6 (B-ring) carbon skeleton (Fig. 4) , figuring a chromane ring bearing a second aromatic ring B in position 2. There are 17 known naturally occurring anthocyanidins, but only six of them are common in higher plants -cyanidin (Cy), peonidin (Pn), pelargonidin (Pg), malvidin (Mv), delphinidin (Dp), and petunidin (Pt), with cyanidin (Cy) being the most common. [22] [23] [24] Fruits used in this study can be divided into two main groups; black raspberry, cherry, blackberry, and raspberry with cyanidin as the main anthocyanin and the second group of blueberry, cranberry, strawberry, and red grape with other types of anthocyanins (Table 1 ). This provides a broad variety of anthocyanins in the models. The three nonmethylated anthocyanidins: cyanidin (Cy), delphinidin (Dp) and pelargonidin (Pg) are the most widespread in nature and also in fruits tested in this study. Most study species contain a limited number of anthocyanin pigments, but in some cases like red grapes contain a mixture of more than 20 pigments. 25 This impurity is another confounding factor in the models. Other unmeasured factors, such as the pH, temperature, light, presence of other phenolic compounds, enzymes, metal ions, sugars, ascorbic acid, and oxygen might have impact on the stability of anthocyanins in fruit species tested in this study. In aqueous solution, anthocyanins undergo structural transformations that are pH-dependent. 26 At pH below 2, anthocyanins primarily exist in the form of the red flavylium cation. Hydration of the flavylium cation gives the colorless carbinol pseudobase at pH values ranging from 3 to 6. This can further equilibrate to an open form, the colorless chalcone pseudobase. 27 Temperature has been reported to induce a slow destruction of the pigments. 28 When temperature is increased, anthocynins can be transformed into an unstable formation of chalcone, and the chalcone is further degraded to brown products. Light is another confounding factor that has a differential impact on anthocyanin concentration. 29 Intensity and type of the color of anthocyanins is affected by the number of hydroxyl and methoxyl groups: if more hydroxyl groups, then the color goes toward a more bluish shade; if more a methoxyl group, then redness is increased. 9 This structural variation in organic dyes is another potential cofounder in the models. Furthermore, both efficiency and performance of DSSCs depend on their anthocyanin dye absorption spectra. The anthocyanin absorption spectra depend on pH. At pH < 2, anthocyanins show maximum absorption both in the ultraviolet region (260 to 280 nm) and in the visible region (490 to 540 nm). This causes confounding variation in intensity and range of the light absorption of the extract on TiO 2 and the rate of interaction between TiO 2 and anthocyanin that leads to a change in charge transfer. Anthocyanin pigments undergo reversible structural transformations with a change in pH manifested by different absorbance spectra. The colored oxonium form predominates at pH 1.0 and the colorless hemiketal form at pH 4.5. Furthermore, the variability in the sample extraction media (water, acidic water, acidic organic solvent, etc.), chemical properties of anthocyanins, and copigmentation of anthocyanins with other secondary metabolites present in the sample solution can cause an inaccurate correlation between absorbance and actual anthocyanin concentration. 30 The proposed models in this study do not provide any specificity as far as the molecular identity of the anthocyanin composition present in the material is concerned. Moreover, anthocyanins in fruits like the blueberry extract (cyanidin and delphinidin) have a shorter distance between the dye skeleton and the point connected to TiO 2 surface compared to other fruits. This could facilitate an electron transfer from anthocyanin with cyanidin in the extract to the TiO 2 surface and could be accounted for a better performance of dye extract sensitization with the same density of anthocyanin. 31 Based on the current experiment, the efficiency of the blueberry-based cell was significantly higher than the strawberry-based device. This might also be due to a larger number of ready molecules, a broader range of light absorption by the extract on the TiO 2 , and the higher rate of interaction between the TiO 2 and anthocyanin molecules in the blueberry that leads to better charge transfer. Moreover, anthocyanins from the strawberry appear to have longer R groups compared to that of blueberry, resulting in a stronger steric hindrance for the anthocyanin molecules to bond with the oxide surface. The steric hinderance also prevents the anthocyanin molecules from effectively arraying on the TiO 2 film. Hence, a deficiency in electron transfer from the dye molecules to the conducting band of the TiO 2 occurs. More information about the structural variation of the anthocyanin molecules from different plants will allow future studies to optimize current models.
The concentration of the electrolyte solution is another factor that should be energetically well-suited to the dye. 6 In this study, the concentration of the electrolyte solution was fixed at 0.05 M tri-iodide in water-free ethylene glycol. For future work on anthocyanin dyes, such as raspberries, blueberries, and beetroot, the optimal concentration of the electrolyte needs to be quantitatively established by varying the concentration of potassium iodide or iodine and observing the changes in the photocurrent. Furthermore, a cell that produces a large photocurrent contains an anthocyanin type that is energetically well-suited to the titanium dioxide in that it has a conduction energy level that is slightly higher than that of the titanium dioxide. The current experiment did not focus on the differential energy level of the anthocyanin dyes from different fruits. In all regression models, the cherry-based cell was a relative outlier. It seems that the unmeasured variables, such as contaminants and pH, had a major confounding impact on the relationship between the anthocyanin concentration and the solar cell performance for the cherry-based cell. Further research needs to be performed to add additional variables to the model and to test any model with different types of known and unknown organic dyes.
